Introduction
============

In patients undergoing dialysis, cardiovascular lesions may appear in the early stage of pre-dialysis chronic kidney disease (CKD), stage 3b (GFR: \<45 mL/min/1.73 m^2^). Coronary calcification, as an alternative marker, becomes marked in this stage ([**Fig. 1**](#figure1){ref-type="fig"}). Insulin resistance and asymmetric dimethylarginine (ADMA), which inhibits nitric oxide (NO) synthase, are involved in the pathogenesis.^[@R1],[@R2])^ A high level of insulin in blood promotes the proliferation of vascular smooth muscle cells, increasing sympathetic nerve activity, activating the renin-angiotensin system, and increasing Na resorption in the kidney tubule. Various factors in the presence of CKD are involved in insulin resistance ([**Table 1**](#table1){ref-type="table"}), as described below, and they appear in the early stage of CKD.

![Fig. 1 Coronary artery calcification (CACS) develops at an early stage of renal dysfunction.](avd-10-1-ra.17-00006-figure01){#figure1}

###### Table 1 Factors affecting insulin resistance

  -------------------------------------------------------
  1\. Anemia
  2\. PTH
  3\. 1, 25-(OH)~2~ vitamin D~3~
  4\. Protein/keto-acid analogue
  5\. Guanidino substrates
  6\. Exercise
  7\. Acidemia
  8\. Dyslipidemia
  9\. Chronic inflammation (adipocytokine, adiponectin)
  10\. Aldosterone & Angiotensin II
  11\. FGF-23
  12\. Gastrointesitinal polypeptide (Ghrelin)
  13\. Others (Uremic toxin, *p*-Cresyl sulfate)
  -------------------------------------------------------

Thus, CKD is an independent risk factor for cardiovascular disease.^[@R3])^ A study reported that many patients died of cardiovascular disease before the introduction of dialysis.^[@R4])^

On the other hand, vascular lesions may develop/become advanced before the introduction of dialysis, but, actually, vascular calcification may further progress after introduction. Stenosis of the aortic valve or lower limb peripheral artery lesions are difficult to treat, raising important issues for dialysis-specializing physicians, vascular surgeons, and cardiologists.

In this article, we review the pathogenesis of cardiovascular lesions, coronary artery disease, peripheral artery disease, and valvular disease, in patients undergoing dialysis.

Vascular Calcification---Influence of Drugs (Warfarin, Ca-containing Phosphorus Adsorbents)
===========================================================================================

Clinical factors for vascular calcification are presented in [**Table 2**](#table2){ref-type="table"}. Vascular calcification is not solely associated with the passive binding of phosphorus to calcium. Concerning its mechanism, bone-associated proteins, such as Fetuin-MatrixGla protein (MGP) and osteoprotegerin, may be involved in the transformation of vascular smooth muscle cells to osteoblasts ([**Table 2**](#table2){ref-type="table"}). In particular, MGP inhibits topical calcification, and the use of Warfarin, which reduces MGP, promotes vascular calcification. In the guidelines for cardiovascular disease established by the Japanese Society for Dialysis Therapy, the limited use of Warfarin is recommended.

###### Table 2 Factors related with vascular calcifications

  ----------------------
  Induction
  Age
  Phosphorus
  Inflammation
  AGE
  Klotho/FGF-23
  BMP2/4
  Leptin
  Collagen/Fibronectin
  LDL-ox
  Inhibition
  Adiponectin
  BMP7
  Fetuin
  Osteoprotegerin
  PTHrP
  Osteopontin
  Pyrophosphate
  Collagen IV
  MGP
  ----------------------

AGE: advanced glycation endoproduct; BMP: bone morphogenic protein; LDL-ox: oxidized low density lipoprotein; PTHrP: PTH-related protein

However, the most potent calcification-promoting factor is a phosphorus adsorbent containing Ca (calcium carbonate). It is used to decrease the blood level of phosphorus, which contributes to calcification, but it may promote calcification. Recently, Ca-free phosphorus adsorbents have been introduced, and they may exhibit inhibitory effects on calcification in the future. Previously, we conducted a prospective interventional study using lanthanum carbonate, and reported that coronary artery calcification was inhibited.^[@R5])^

Uremia plays an important role in the pathogenesis of innate immunity to inflammation. The involvement of uremic toxin remains to be clarified. Etiological factors include a GFR of \<45 mL/min, especially \<30 mL/min. In many cases, the blood phosphorus level increases immediately before renal replacement therapy is required due to advanced renal failure (GFR: ≤20 mL/min). However, prior to this finding, there is an increase in the parathyroid hormone (PTH) level and a decrease in the active vitamin D3 level. Recently, the timing and pathogenesis of inflammation have been clarified^[@R6])^: before the above changes, there is an increase in the FGF-23 level and a reduction in the expression of Klotho gene, which will be examined as an important factor in the future. Such a pathogenesis, including acidemia, other than classical risk factors, such as blood pressure and dyslipidemia, must be carefully evaluated in the process of pre-dialysis kidney disease progression and managed in the early stage.

Insulin Resistance, Vascular Endothelial Disorder, and Abnormalities in Rheology
================================================================================

Vascular lesions show pathological findings including atherosclerosis in vascular endothelial cells and Monckeberg's medial calcific sclerosis,^[@R7])^ which was proposed by a pathologist (Germany). Endothelial disorder is associated with insulin resistance, and platelets are activated through adhesion/aggregation. In patients undergoing dialysis, a large number of monocytes and platelets are aggregated.^[@R8])^ In particular, in such patients, the number of monocyte/platelet aggregates further increases in the presence of peripheral artery disease; hemorheology may be affected. Considering apparently contradictory conditions, such as the bleeding tendency related to platelet dysfunction and hypercoagulability associated with a high blood level of fibrinogen, the use of anti-platelet drugs remains controversial. A study reported that insulin resistance appeared in the early stage of pre-dialysis renal hypofunction, suggesting the involvement of acidemia or dyslipidemia.^[@R1])^ Disturbance of the endothelium/media may lead to vascular failure ([**Fig. 2**](#figure2){ref-type="fig"}).

![Fig. 2 Cardiovascular disorders are related with insulin resistance, thus leading to endothelial dysfunction.](avd-10-1-ra.17-00006-figure02){#figure2}

Polyvascular Disease---With Respect to Peripheral Microcirculatory Impairment---
================================================================================

The entity of polyvascular disease was proposed by the Reduction of Atherothrombosis for Continued Health (REACH) Registry.^[@R9])^

This was a prospective, cross-sectional, observational study of atherothrombotic disease, of which the incidence has increased, involving outpatients in various countries. The disease refers to atherothrombosis with 2 or more symptoms at the coronary/cerebral/lower limb peripheral arterial bed or circulatory bed. As CKD is an independent risk factor for cardiovascular disorder,^[@R3])^ polyvascular disease must be considered for diagnosis/treatment when 1 cardiovascular disorder is detected.

However, early coronary/peripheral artery abnormalities may be derived from abnormalities in rheology, as described above, or peripheral microcirculatory disorder. It is necessary to detect metabolic myocardial abnormalities associated with ischemia at the capillary level around the cardiac muscle in the early phase using BMIPP scintigraphy before coronary angiography. In addition, using echocardiography, the deterioration of left ventricular hypertrophy should be detected in the early stage.

Coronary Artery Disease in Patients Undergoing Dialysis
=======================================================

As described above, calcification of the coronary artery is an independent relevant factor for cardiovascular events or cardiovascular death in CKD patients. Its incidence was significantly higher in those with stage G3 or higher CKD, and coronary artery calcification may contribute to left ventricular hypertrophy or a reduction in coronary blood flow.^[@R2])^ As a result, the overall mortality rate and incidence of cardiovascular events significantly increased with a decrease in the glomerular filtration rate (GFR) before the introduction of dialysis.^[@R4])^ Of patients without cardiac abnormalities at the time of dialysis introduction, coronary angiography revealed stenosis of the coronary artery in 50%, which shocked many health care professionals. Some patients had 2-/3-vessel lesions, and others required percutaneous coronary intervention (PCI). Of patients with diabetes, coronary stenosis was observed in 89%.^[@R10])^ Before coronary angiography, it is necessary to detect abnormalities in the phase of capillary-myocyte mismatch in capillary microcirculation around cardiomyocytes.

Peripheral Artery Disease in Patients Undergoing Dialysis
=========================================================

Peripheral artery disease (PAD) of the lower limbs in patients undergoing dialysis is characterized by a high morbidity rate, difficulty in treatment related to vascular calcification and peripheral lesion sites of the lower limbs, a high mortality rate related to lower-limb amputation, and rapid ulcer appearance after the asymptomatic phase.^[@R11],[@R12])^

Therefore, early detection in the asymptomatic phase is important.

The lower-limb amputation rate in patients undergoing dialysis has annually increased. At the end of 2000, it was 1.6%, but it increased to 2.6% (4,755/240,000 persons) at the end of 2005. Of these, 70% had diabetes. In 2014, lower-limb-amputated patients accounted for 3.7%. During the past 10 years, the number of lower-limb-amputated patients in those undergoing dialysis has increased ≥2-fold (approximately 4,000→9,000). Furthermore, the prognosis after lower-limb amputation is extremely unfavorable, and the 1-year mortality rate is approximately 50%. The frequent causes of death in PAD patients include cardio-/cerebrovascular disorder, malnutrition, and infection at necrotic ulcer sites. PAD, as a primary disease involved in mortality, may be overlooked, but the prognosis after lower-limb amputation in dialysis patients is markedly poorer than in patients with myocardial infarction.^[@R12],[@R13])^ For early detection, it is important to evaluate peripheral microcirculatory disorder using the toe-brachial pressure index (TBI) or skin perfusion pressure (SPP), as the sensitivity of the ankle-brachial pressure index (ABI) is low due to vascular calcification.^[@R14])^ If a diagnosis is made based on the ABI alone, the sensitivity is markedly low. When the ABI is 0.9, the specificity is 100%, whereas the sensitivity is 30%. Considering this, the specificity and sensitivity of an SPP of 50 mmHg are 77 and 85%, respectively; this parameter is appropriate for screening. For treatment, positive revascularization is essential, but multidisciplinary treatment involving infection control, nutrition, and rehabilitation should be performed.

In dialysis patients, treatment is difficult if an ulcer appears, and the prognosis after lower-limb amputation is markedly poor. Therefore, early diagnosis and treatment, involving adequate foot care, are important.^[@R12])^

PAD is frequently observed after the introduction of dialysis, as indicated for coronary artery disease. Based on the results of evaluation using the ABI and SPP, approximately 25% of dialysis-introduction-phase patients and approximately 40% of those undergoing maintenance dialysis had PAD. In dialysis patients with PAD, the incidence of cardio-/cerebrovascular disorder is markedly higher than in those without PAD.

A study examined the lower-limb arterial calcification score in dialysis patients, and reported that the grade of such calcification was directly associated with the severity of PAD.^[@R15])^ Lower-limb arterial calcification is diffusely observed in the lower limb arteries above/below the knees, reducing the accuracy of the ABI for PAD diagnosis and making the CT-based assessment of vascular stenosis or revascularization difficult. In particular, a 3-year prospective observational study showed that the onset of ulcers led to lower-limb amputation in approximately 15% of Fontaine grade I patients undergoing dialysis. This suggests that the absence of symptoms does not always reflect the absence of ischemia; the adequate use of anti-platelet drugs in the early stage should be considered/reviewed, as described above.

PAD induces vascular calcification, as demonstrated for coronary artery disease.

In dialysis patients, critical limb ischemia (CLI) with multiple severe lesions of 3 peripheral artery vessels below the knees (anterior/posterior tibial and peroneal arteries) is frequently observed. In this case, it is difficult to save the limbs by treating the iliac or superficial femoral arteries alone; revascularization in these peripheral artery regions is required. Lower thigh artery treatment has been difficult, but, recently, positive endovascular treatment using devices for PCI has been increasingly performed. This treatment is minimally invasive, and it can be repeatedly conducted, with a low incidence of complications; therefore, it may be indicated for a larger number of patients in the future. However, the restenosis rate is high (≥50%), and the management of severe lesions at the pedal or plantar arches, especially calcification, is limited, raising future issues. Furthermore, endovascular treatment for significantly stenotic lesions in the absence of CLI should be reviewed.

Based on the results of some studies after the BASIL study,^[@R16],[@R17])^ endovascular therapy (EVT) is used as first-line treatment due to its low-level invasiveness. However, bypass is recommended, considering the prognosis 2 years or more after EVT.

Concerning anti-platelet drugs, the platelet function is affected in patients with CKD, as described above. On the other hand, there is an inflammation-related increase in the blood fibrinogen level, or heparin is used at each time of dialysis; it is difficult to indicate anti-platelet drugs. However, several studies using the SPP showed that the use of anti-platelet drugs markedly improved peripheral microcirculatory disorder.^[@R18],[@R19])^

Stenosis of the Aortic Valve in Dialysis Patients
=================================================

Calcification is frequently observed. A study reported that there was a negative correlation between calcification and the concentration of bicarbonate before dialysis.^[@R20])^ Sufficient dialysis or nutritional improvement is important. Acidemia control for dialysis patients, involving the type of dialytic fluid, must be examined.

In the guidelines for cardiovascular disease established by the Japanese Society for Dialysis Therapy, the speed of progression is emphasized. Narrowing of the valve orifice area progresses by 0.23 cm^2^/year. Unless surgery is performed at a valve orifice area of ≥0.6 cm^2^, stenosis may rapidly progress, leading to sudden death during dialysis or making management difficult due to dialysis-related hypotension. According to recent studies, if there is a rapid decrease in the blood pressure during dialysis or shock is observed, stenosis of the aortic valve should be differentiated rather than coronary ischemia or severe arrhythmia.

Discussion
==========

Hyperphosphatemia is a prognostic factor for cardiovascular disorder and the deterioration of renal dysfunction in patients with CKD. In those with a serum phosphorus level of ≥4.5 mg/dL, the mortality rate is 2 times higher than in those with a serum phosphorus level of 2 to 3 mg/dL. Therefore, phosphorus control in the pre-dialysis phase of CKD is important. In evidence-based guidelines for the management of CKD in 2013,^[@R21])^ it is recommended that the target of phosphorus control in the pre-dialysis phase should be established as its normal range (2.5 to 4.5 mg/dL) regardless of the stage of CKD. For dialysis patients, it is recommended that the serum level of phosphorus should be maintained at 3.5 to 6.0 mg/dL. However, many investigators consider that this range is too high. Even in patients with a phosphorus level within this range, there are patients with a high fibroblast growth factor level. In these patients, the risk of cardiovascular death is markedly high. Therefore, considering the FGF23 level, the optimal level of phosphorus control must be reviewed in the future. It is necessary to select new-type Ca-free phosphorus adsorbents, such as lanthanum- or iron-containing preparations, and restrict the use of Warfarin (after mechanical valve replacement or secondary prevention of cerebral embolism). The use of new non-vitamin-K-dependent oral drugs is also restricted in accordance with the GFR, but the FDA (U.S.A.) approved the use of apixaban for dialysis patients last year.^[@R22])^

On the other hand, dialysis modalities should be examined from various viewpoints: which of two procedures, hemodialysis (HD) and hemodiafiltration (HDF), should be selected? If the former is selected, which dialyzer should be used? If the latter is selected, which displacement liquid volume, 10 or 40 L, should be adopted? Is acetate-free dialytic fluid appropriate? What is the optimal Ca concentration? A study suggested the inhibitory effects of vitamin-E-fixed dialyzers on arteriosclerosis.^[@R23])^ In addition, another study indicated that online HDF pre-dilution replacement at 40 L improved aorta stiffness or the left ventricular myocardial weight index (LVMI).^[@R24])^

Strategies to Prevent Cardiovascular Disorder
=============================================

Various drug therapies are recommended to prevent cardiovascular disorder in CKD patients. Preparations other than the phosphorus adsorbents described above are presented below.

RAS inhibitors (ACE inhibitors/ARB)
-----------------------------------

Many studies reported the reno- and cardioprotective effects of RAS inhibitors. Combination therapy with an ACE inhibitor and ARB is more effective for proteinuria than monotherapy with respective drugs, but no study has reported its usefulness with respect to death or creatinine doubling; some studies indicated deterioration, and it is not recommended.

Statins
-------

A large-scale randomized double-blind trial (SHARP study) investigated whether lipid intervention for CKD patients inhibits arteriosclerotic events; 9,270 CKD patients with a mean eGFR of 26.6 mL/min/1.73 m^2^ were assigned to receive combination therapy with simvastatin at 20 mg/day and ezetimibe at 10 mg/day or a placebo, and followed-up (mean follow-up period: 4.9 years). In the therapeutic intervention group, the risk of first major atherosclerotic events (nonfatal myocardial infarction, coronary death, cerebral infarction, coronary revascularization) decreased by 17%. In the KDIGO guidelines and guidelines for the management of CKD in 2013^[@R21])^ in Japan, intervention for dyslipidemia in the pre-dialysis phase of CKD is recommended from the viewpoint of cardiovascular disorder prevention.

Vitamin D
---------

A study reported that the oral administration of a low-dose vitamin D preparation (1α hydroxyvitamin D~3~) significantly decreased the risk of cardiovascular death in dialysis patients. Low-dose vitamin D administration, which does not influence vascular calcification related to an increase in the calcium/phosphorus product, may be useful in dialysis patients.

A review of all stages of CKD (13 randomized controlled trials (RCTs), including 5 involving dialysis patients) indicated that there were no significant improvements in the cardiovascular or overall mortality rates. However, in these RCTs, the sample size was small, and the risk of death was not sufficiently examined (an improvement in the PTH level or changes in the LVMI were established as a primary endpoint). In addition, the dose of vitamin D and administration period varied among the trials; currently, there is no evidence regarding the effects of administering vitamin D preparations to CKD patients. However, the results of a prospective interventional study will be published soon (J-DAVID Study).

Aspirin
-------

Aspirin is recommended for the prevention of cardiovascular death in high-risk patients with a history of myocardial or cerebral infarction and secondary prevention of vascular disorder. In CKD patients, the incidence of cardiovascular disorder is particularly high, and many patients have been taking aspirin. However, the data on the usefulness of aspirin administration to CKD patients is limited.

A study (non-RCT) compared 1,884 CKD patients receiving aspirin with the same number of non-aspirin-treated patients with CKD by propensity score matching, and reported that the incidence of cardiovascular events was significantly higher in the former, and that the creatinine doubling and renal mortality rates were significantly higher.^[@R25])^ There were no differences in the overall mortality rate or incidence of hemorrhagic events between the two groups. However, the results suggest that the use of aspirin in CKD patients is harmful with respect to cardiovascular disorder or renal dysfunction.

Drugs for hyperuricemia
-----------------------

A drug for hyperuricemia, allopurinol, was confirmed to inhibit the deterioration of renal hypofunction and decrease the incidence of cardiovascular events by 71%. Febuxostat, which was recently introduced, exhibits similar inhibitory effects on cardiovascular disorder without inducing adverse reactions.

Erythropoiesis-stimulating agents (ESA)
---------------------------------------

Renal anemia treatment with ESA may inhibit the onset of cardiovascular events, but the risk of such events may increase when establishing a target hemoglobin (Hb) level as ≥12 to 13 g/dL (CHOIR).^[@R26])^

Thus, the incidence of cardiovascular disorder is high in CKD patients, and this is not limited to dialysis patients. Strategies to prevent cardiovascular complications should be performed in the pre-dialysis phase of CKD. The preventive effects of various drugs on cardiovascular complications have been reported, as described above. These drugs should be adequately combined for pre-dialysis CKD management.

Conclusion
==========

In dialysis patients, insulin resistance-based cardiovascular disorder appears in the early stage of renal hypofunction before the initiation of dialysis. In addition to oxidative stress, organ microcirculatory impairment and vascular calcification play an important role. Such cardiovascular disorder deteriorates after the introduction of dialysis, and phosphorus control, dialyzer selection, and dialysis modalities, such as HDF, are involved in the pathogenesis; therefore, dialysis should be sufficiently conducted.

To evaluate cardiovascular disorder in the early stage, metabolic blood flow scintigraphy or peripheral microcirculatory impairment assessment should be performed in addition to echocardiography or angiography.

Improvements in the prognosis of cardiovascular disorder or treatment results are achieved through fights with vascular calcification. In the future, the grade of vascular calcification may be reduced by minimizing the use of calcium carbonate or Warfarin and improving uremia (inflammation) through sufficient dialysis.
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